Abstract: F atty a cid s ynthase ( FAS) inhibition initiates selective ap optosis o f can cer cel ls b oth in vivo and in vitro, which m ay i nvolve malonyl-CoA m etabolism. T hese findings l ed t o e xploration of m alonyl-CoA d ecarboxylase ( MCD) as a p otential n ovel target for cancer treatment. M CD regulates the levels of cellular malonyl-CoA through the decarboxylation of malonyl-CoA to acetyl-CoA. M alonyl-CoA is both a s ubstrate f or F AS a nd a n i nhibitor o f f atty a cid o xidation a cting a s a metabolic switch between anabolic fatty acid synthesis a nd catabolic fatty acid o xidation. W e n ow r eport t hat t reatment o f h uman b reast can cer ( MCF7) cel ls w ith M CD s mall i nterference RNA (siRNA) reduces MCD expression and activity, reduces ATP levels, and is cytotoxic to MCF7 cells, but not to human fibroblasts. In addition, we s ynthesized a s mall m olecule i nhibitor o f M CD, 5 -{(Morpholine-4-carbonyl)-[4-(2,2,2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-phenyl]-amino}-pentanoic acid methyl ester (MPA). S imilar to MCD siRNA, MPA inhibits MCD activity in MCF7 cells, increases cellular malonyl-CoA levels and is cytotoxic to a n umber of human breast cancer cell lines in vitro. T aken together, these data indicate that MCDinduced c ytotoxicity i s l ikely m ediated t hrough malonyl-CoA metabolism. T hese findings s upport t he hypothesis t hat M CD i s a p otential therapeutic target for cancer therapy.
INTRODUCTION
Our studies of cancer cell metabolism led to the observation that transformed cells exhibit high levels of fatty acid synthase (FAS) expression and fatty acid synthesis (Kuhajda, 2006; Kuhajda et al., 1994) . Cancer cells are dependent upon active lipogenesis, as FAS inhibition either through siRNA or pharmacological agents, leads to cancer cell death both in vitro and in vivo (Kuhajda, 2006; Swinnen et al., 2006) . Following FAS inhibition, increased levels of malonyl-CoA, the substrate contributing most of the carbon for fatty acid synthesis (Wakil, 1989) , have also been hypothesized as a possible trigger for cytotoxicity (Pizer et al., 2000; Zhou et al., 2003) . As such, in lipogenic cells, malonyl-CoA levels are highly regulated by synthesis, utilization as substrate, and metabolism ( Figure 1 ). Acetyl-CoA carboxylase (ACC), the rate limiting enzyme of fatty acid synthesis, produces malonyl-CoA from the ATP dependent carboxylation of acetyl CoA (Witters et al., 1994; Witters & Kemp, 1992 ). This step is highly regulated by a feed-forward allosteric activation by citrate, and inhibition by both AMPK activated kinase (AMPK) and long-chain acyl-CoA's. Malonyl-CoA is the substrate which provides the predominant carbon source for the synthesis of fatty acids by fatty acid synthase (FAS). Malonyl-CoA decarboxylase (MCD) (E.C. 4.1.1.9) acts to regulate malonyl-CoA levels through its decarboxylation back to acetyl-CoA ( Fig. 1) .
Inhibition of MCD affords another strategy to rapidly increase malonyl-CoA levels through decreasing its catabolism. Using both siRNA and pharmacological inhibition of MCD, we report that MCD inhibition increases malonyl-CoA levels in cancer cells, induces cytotoxicity, and potentiates pharmacological FAS inhibition. These findings identify MCD as a potential target for cancer therapy development. As a consequence of MCD inhibition in MCF7 cells, malonyl-CoA levels were increased by approximately 120% 6 h following siRNA treatment ( Figure 1C ). Since MCF7 cells are known to express FAS and undergo lipogenesis, the increased malonyl-CoA levels also increased fatty acid synthesis as measured by [ 14 C]-acetate incorporation into total lipids. Thus, MCD inhibition led to an increase in steady-state levels of malonyl-CoA, thereby enhancing fatty acid synthesis ( Figure 1D ).
Since FAS is not a regulated step of the pathway, it is not surprising that increased substrate availability at the FAS step led to increased flux through the pathway. Figure 2C ) and persisted through 6h.
MPA, pharmacologically
inhibits MCD in MCF7 cells.
The structure of MPA is shown in Figure 3A . It is a small molecule MCD inhibitor reported to inhibit MCD activity in rat heart . Figure 3B shows a concentration dependent inhibition of MCD activity by MPA in MCF7 cells after 2 h treatment. MPA inhibited human MCD by 30% at 80 µg/mL with 50% inhibition at approximately 160 µg/mL. Although there is a dose dependence, there is not a substantial time dependence of the inhibition at 80 µg/mL as shown in Figure 3C . MPA rapidly inhibits MCD activity within 30 minutes by about 30% increasing to 65% after 24 h. The 24 h reduction is more likely due to cellular consequence of MCD inhibition rather than direct effects of MPA upon MCD.
Pharmacological inhibition of both MCD and FAS increases cellular malonyl-CoA levels while reducing free CoA. MCF7 cells were treated with MPA (80 µg/mL) or cerulenin (5 µg/mL), an FAS inhibitor ) for 6 h, after which malonyl-CoA levels were measured by HPLC ( Figure 4A ). Inhibiting FAS with cerulenin increased malonyl-CoA levels by 123% while MCD inhibition with MPA increased malonyl-CoA to 110% of control. Thus, blocking the utilization of malonyl-CoA with FAS inhibition or malonyl-CoA metabolism with MCD inhibition both increased malonyl-CoA levels. Blocking both MCD and FAS led to a 162% increase in malonyl-CoA levels. To achieve this, cells were treated with cerulenin one hour prior to the addition of MPA. Conversely, as malonyl-CoA levels increased, free CoA levels were reduced. Figure 4B demonstrate that cerulenin reduced free CoA by 32%, MPA by 13 %, and combined cerulenin and MPA by 54%.
Acetyl-CoA levels were not substantially affected by either FAS or MCD inhibition (data not shown).
Thus, both FAS and MCD inhibition increase malonyl-CoA levels seemingly at the expense of cellular free CoA reserves.
Pharmacological MCD inhibition is cytotoxic to human breast cancer cells and potentiates FAS
inhibition induced cytotoxicity. MCF7 cells treated with MPA at 40 µg/mL for 24 h induced substantial cytotoxicity ( Figure 4C ), which was similar to cerulenin treatment at 5 µg/mL. Neither MPA at 10 µg/mL nor cerulenin at 2.5 µg/mL alone were significantly cytotoxic, however, when combined, 55% of the cells were no longer viable. The combination of MPA at 40 µg/mL and cerulenin at 5 µg/mL were more cytotoxic than either compound alone. Figure 4D illustrates the LC 50
for MPA against a panel of human breast cancer cell lines which include estrogen receptor (ER) positive / HER2 unamplified MCF7, ER positive / HER2 amplified ZR-75-1, ER negative / HER2
amplified SKBr3, and ER negative / HER2 unamplified MDA231 (Menendez et al., 2004; Pegram et al., 2004; Shiu et al., 2008) .
KEY RESEARCH ACCOMPLISHMENTS
[1] Reduction of MCD activity by both siRNA reducing its expression, or by pharmacological inhibition was selectively cytotoxic to human breast cancer cells.
[2] Exploration of the mechanism of action of MPA, the pharmacological FAS inhibitor, showed that it both inhibited MCD activity, and increased malonyl-CoA levels in cells. This demonstrates that the compound inhibits MCD in vitro in human cancer cells.
[3] Pharmacological MCD inhibition potentiated pharmacological FAS inhibition consistent with malonyl-CoA involvement in its mechanism of action.
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[4] Pharmacological MCD inhibition reduced free CoA levels in cells which may also contribute to its mechanism of action.
With the exception of xenograft studies which are in the planning stages, all of the specific aims of the grant were achieved.
REPORTABLE OUTCOMES
[1] Presented these data at the Era of Hope meeting sponsored by the DOD in Baltimore, MD in
2007.
[2] A manuscript containing these data has been published in Oncogene . 
CONCLUSIONS
[1] MCD is a potential therapeutic target for breast cancer therapy.
[2] Increased cellular levels of malonyl-CoA is likely a key mediator of both MCD and FAS inhibition. Keywords: malonyl-CoA decarboxylase; apoptosis; fatty acid metabolism; malonyl-CoA; fatty acid synthase
Introduction
One of the most consistent biochemical changes associated with cancer is its predilection for aerobic glycolysis described in the 1920s by Otto Warburg (Warburg et al., 1924) . Despite access to adequate oxygen, cancer cells continue to rely on glycolysis over respiration to generate adenosine triphosphate (ATP) (Elstrom et al., 2004) . Recently, the convergence of molecular biology and biochemistry has refocused interest on cancer metabolism as an area of new targets for cancer treatment. Our studies of cancer cell metabolism led to the observation that transformed cells exhibit high levels of fatty acid synthase (FAS) expression and fatty acid synthesis (Kuhajda et al., 1994; Kuhajda, 2006) . Cancer cells are dependent on active lipogenesis, as FAS inhibition either through small interference RNA (siRNA) or pharmacological agents, leads to cancer cell death both in vitro and in vivo (Kuhajda, 2006; Swinnen et al., 2006) . Fatty acid synthesis and FAS expression occur in the liver and adipose tissue as a means to store energy (Girard et al., 1997) . During times of excess calorie consumption, FAS converts excess carbon from carbohydrates to fatty acids for eventual storage as triglycerides (Girard et al., 1997) . Cancer cells, in contrast to the liver and adipose tissues, do not synthesize or accumulate triglyceride for energy storage. Instead, our studies indicate that transformed cells undergo lipogenesis as a means to maintain redox and energy balance. As such, we recently observed rapid redox imbalance and increased AMP/ATP ratio following FAS inhibition in human ovarian cancer cells, which resulted in the activation of AMP-activated protein kinase (AMPK) (Zhou et al., 2007) .
Following FAS inhibition, increased levels of malonyl-CoA, the substrate contributing most of the carbon for fatty acid synthesis (Wakil, 1989) have also been hypothesized as a possible trigger for cytotoxicity (Pizer et al., 2000; Zhou et al., 2003) . As such, in lipogenic cells, malonyl-CoA levels are highly regulated by synthesis, utilization as substrate and metabolism ( Figure 1 ). Acetyl-CoA carboxylase (ACC), the rate limiting enzyme of fatty acid synthesis, produces malonyl-CoA from the ATP-dependent carboxylation of acetyl CoA (Witters and Kemp, 1992; Witters et al., 1994a ). This step is highly regulated by a feed-forward allosteric activation by citrate, and inhibition by both AMPK-activated kinase (AMPK) and long-chain acyl-CoA's. Malonyl-CoA is the substrate, which provides the predominant carbon source for the synthesis of fatty acids by FAS. Malonyl-CoA decarboxylase (MCD) (E.C. 4.1.1.9) acts to regulate malonyl-CoA levels through its decarboxylation back to acetyl-CoA (Figure 1 ) . Inhibition of MCD affords another strategy to rapidly increase malonyl-CoA levels through decreasing its catabolism. Using both siRNA and pharmacological inhibition of MCD, we report that MCD inhibition increases malonyl-CoA levels in cancer cells, induces cytotoxicity and potentiates pharmacological FAS inhibition. These findings identify MCD as a potential target for cancer therapy development.
Results

MCD siRNA reduces MCD expression and activity
To inhibit the expression and activity of MCD, we first used siRNA targeted to the human MCD sequence. MCD siRNA reduced both the expression and activity of MCD in MCF7 cells. As measured by the quantitative reverse transcription-PCR, there was a significant reduction of MCD mRNA (Figure 2a ) within 6 h, persisting through 48 h. Both protein expression by immunoblot ( Figure 2b ) and MCD activity ( Figure 2b) were substantially reduced within 6 h following MCD siRNA transfection. As MCD siRNA rapidly reduced both MCD expression and activity in MCF7 cells, it was deemed a useful reagent to test the effects of MCD inhibition in cancer cells.
As a consequence of MCD inhibition in MCF7 cells, malonyl-CoA levels were increased by approximately 120% 6 h after siRNA treatment ( Figure 2c ). As MCF7 cells are known to express FAS and undergo lipogenesis, the increased malonyl-CoA levels also increased fatty acid synthesis as measured by [ 14 C]-acetate incorporation into total lipids. Thus, MCD inhibition led to an increase in steady-state levels of malonyl-CoA, thereby enhancing fatty acid synthesis. As FAS is not a regulated step of the pathway, it is not surprising that increased substrate availability at the FAS step led to increased flux through the pathway. (Figure 3c ) and persisted through 6 h.
MPA pharmacologically inhibits MCD in MCF7 cells
The structure of 5-{(Morpholine-4-carbonyl)-[4-(2,2, 2-trifluoro-1-hydroxy-1-trifluoromethyl-ethyl)-phenyl]-amino}-pentanoic acid methyl ester (MPA) is shown in Figure 4a . It is a small-molecule MCD inhibitor reported to inhibit MCD activity in the rat heart . Figure 4b shows a concentration-dependent inhibition of MCD activity by MPA in MCF7 cells after 2 h treatment. MPA inhibited human MCD by 30% at 80 mg/ml with 50% inhibition at approximately 160 mg/ ml. Although there is dose dependence, there is not a substantial time dependence of the inhibition at 80 mg/ml as shown in Figure 4c . MPA rapidly inhibits MCD activity within 30 min by about 30% increasing to 65% after 24 h. The 24 h reduction is more likely because of Figure 1 Malonyl-CoA decarboxylase (MCD) acts to regulate cellular malonyl-CoA levels. Acetyl-CoA, generated by the action of citrate lyase, is carboxylated by acetyl-CoA carboxylase (ACC) to malonyl-CoA. In lipogenic cells, malonyl-CoA is the predominant substrate for FAS. In muscle cells, which are devoid of FAS, malonyl-CoA acts to regulate fatty acid oxidation. MCD is poised to regulate either fatty acid synthesis or oxidation depending upon the tissue and its metabolic status.
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Pharmacological inhibition of both MCD and FAS increases cellular malonyl-CoA levels while reducing free CoA MCF7 cells were treated with MPA (80 mg/ml) or cerulenin (5 mg/ml), an FAS inhibitor ) for 6 h, after which malonyl-CoA levels were measured by high-pressure liquid chromatography (Figure 5a ). Inhibiting FAS with cerulenin increased malonyl-CoA levels by 123%, whereas MCD inhibition with MPA increased malonyl-CoA to 110% of control. Thus, blocking the utilization of malonyl-CoA with FAS inhibition or malonyl-CoA metabolism with MCD inhibition both increased malonyl-CoA levels. Blocking both MCD and FAS led to a 162% increase in malonylCoA levels. To achieve this, cells were treated with cerulenin 1 h before the addition of MPA. Conversely, as malonyl-CoA levels increased, free CoA levels were reduced. Figure 5b shows that cerulenin reduced free CoA by 32%, MPA by 13%, and combined cerulenin and MPA by 54%. Acetyl-CoA levels were not substantially affected by either FAS or MCD inhibition (data not shown). Thus, both FAS and MCD inhibition increase malonyl-CoA levels seemingly at the expense of cellular free CoA reserves.
Pharmacological MCD inhibition is cytotoxic to human breast cancer cells and potentiates FAS inhibition induced cytotoxicity MCF7 cells treated with MPA at 40 mg/ml for 24 h induced substantial cytotoxicity (Figure 5c ), which was similar to cerulenin treatment at 5 mg/ml. Neither MPA at 10 mg/ml nor cerulenin at 2.5 mg/ml alone were significantly cytotoxic; however, when combined, 55% of the cells were no longer viable. The combination of MPA at 40 mg/ml and cerulenin at 5 mg/ml were more cytotoxic than either compound alone. Figure 5d illustrates the LC 50 for MPA against a panel of human breast cancer cell lines, which include estrogen receptor (ER) positive/HER2 unamplified MCF7, ER positive/ HER2 amplified ZR-75-1, ER negative/HER2 amplified SKBr3 and ER negative/HER2 unamplified MDA231 (Menendez et al., 2004; Pegram et al., 2004; Shiu et al., 2008) . 
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Discussion
Earlier studies from our laboratory and others have shown that the increased malonyl-CoA levels following the inhibition of FAS are proapoptotic in human breast cancer cells (Pizer et al., 2000; Bandyopadhyay et al., 2006) . As an effort to search for novel metabolic targets in cancer treatment, inhibition of MCD affords another strategy to rapidly increase malonyl-CoA levels through decreasing its catabolism. Utilizing both a siRNA and a small-molecule pharmacological inhibitor against MCD, we now report that the reduction of MCD activity induced increased levels of malonyl-CoA and displayed significant cytotoxicity against cultured human breast cancer cells. Malonyl-CoA decarboxylase inhibition has been best characterized in non-lipogenic tissues, such as skeletal or cardiac muscle (Dyck and Lopaschuk, 2002; Saha and Ruderman, 2003; Dyck et al., 2004) . Muscle cells use malonyl-CoA as a means to rapidly and tightly regulate fatty acid oxidation. As such, malonyl-CoA levels are controlled through the reciprocal action of two key enzymes, ACC which synthesizes malonyl-CoA through the ATP-dependent carboxylation of acetyl-CoA, and MCD which decarboxylates malonyl-CoA back to acetyl-CoA (Saha and Ruderman, 2003) . Pharmacological MCD inhibition increases malonyl-CoA levels, which indirectly inhibits fatty acid oxidation through malonyl-CoA inhibition of carnitine palmitoyltransferase-1 (CPT-1). CPT-1 functions to transport long-chain acyl-CoAs into the mitochondria and is the rate limiting enzymatic step of mitochondrial fatty acid oxidation (Figure 1 ) (McGarry and Brown, 1997) . Indeed, the 10-fold lower K i (0.07 mM) of the muscle CPT-1 isoform for malonyl-CoA is in keeping with this function (McGarry and Brown, 1997) . Recent in vivo studies of pharmacological MCD inhibition in cardiac tissue has shown a benefit of reduced fatty acid oxidation during cardiac ischemia (Dyck et al., 2004) .
Malonyl-CoA decarboxylase inhibition in lipogenic tissues, such as the liver or human cancer, has not been well studied. In muscle cells, MCD is the predominant enzyme for malonyl-CoA disposal. In lipogenic tissues, however, malonyl-CoA metabolism is more complex. In addition to elimination by MCD decarboxylation, malonyl-CoA is the predominant substrate for fatty acid synthesis. FAS incorporates seven moles of malonyl-CoA per mole of the 16-carbon saturated fat, palmitic acid, synthesized. Similar to muscle cells, the high steady-state levels of malonyl-CoA in lipogenic tissues serves to inhibit CPT-1 activity and fatty acid oxidation, thereby preventing a futile cycle of fatty acid synthesis and oxidation. As FAS could consume malonyl-CoA, it was not clear if MCD inhibition would lead to cytotoxicity in lipogenic cancer cells.
We began our investigation of MCD inhibition in cancer cells using MCD siRNA to reduce MCD expression and activity. Treatment of MCF7 cells with MCD siRNA reduced expression and overall MCD activity compared with controls. Consequently, malonyl-CoA levels increased, similar to what was observed in muscle cells. Within 6 h of MCD siRNA treatment of MCF7 cells, steady state malonyl-CoA levels rose above control cells by 20%. Acetyl-CoA levels were similarly increased (data not shown). As a result of the dysregulated metabolism following MCD inhibition, MCD siRNA was significantly cytotoxic to MCF7 cells. Within 24 h of siRNA application, MCF7 cells exhibited extensive cytotoxicity by morphology, clonogenic assays and TUNEL assays. In contrast, MRC-5 human fibroblasts were unaffected. The cytotoxic effect was also rapid, with evidence of increased TUNEL positivity within 2 h after siRNA application. 
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To more directly explore the effect of rapid MCD inhibition without changing enzyme levels with siRNA, we synthesized a small-molecule pharmacological MCD inhibitor, MPA. Although MPA has been shown to inhibit MCD activity in muscle cells (Dyck et al., 2004) , it has not been studied in lipogenic human cancer cells such as MCF7. In MCF7 cells, MPA significantly inhibited MCD activity within 30 min of treatment. Similar to MCD siRNA, MPA elevated malonyl-CoA levels in MCF7 cells at the levels similar to FAS inhibition with cerulenin. MPA also produced substantial cytotoxicity in MCF7 cells. The cyotoxic effect of MPA was not restricted to ER-positive HER2 unamplified MCF7 cells. MPA induced a cytotoxic response in three additional human breast cancer cell lines encompassing ER positive and negative and HER2 amplified and unamplified phenotypes. These data suggest that the cytotoxic effect of MCD inhibition is independent of ER or HER2 status.
As FAS and MCD are the two primary enzymes utilizing malonyl-CoA in cancer cells, inhibiting either enzyme alone allows malonyl-CoA to be consumed by the other pathway. In the next series of experiments, we studied a combination of both MCD and FAS inhibition with MPA and cerulenin, respectively. Blocking both the consumption and metabolism of malonyl-CoA should elevate malonyl-CoA levels higher than blocking either alone. Indeed, the combination of MPA and cerulenin elevated malonyl-CoA levels greater than with either agent alone. As FAS and MCD inhibition both elevate malonyl-CoA levels, we hypothesized that the cellular pool of free CoA would be diminished. This was indeed the case. Similar to malonyl-CoA, combined FAS and MPA inhibition reduced free CoA levels greater than either alone.
Given the rapid and significant alteration of fatty acid synthesis and high energy CoA intermediates following both FAS and MCD inhibition, we further hypothesized that inhibition of each enzyme would potentiate the cytotoxic effect of the other. The combination of individually sublethal concentrations of cerulenin (2.5 mg/ml) or MPA (10 mg/ml) led to significant cytotoxicity (50%) in MCF7 cells. The combination of cytotoxic concentrations of both compounds produced an additive effect.
In both muscle cells and lipogenic MCF7 cells, MCD inhibition increased malonyl-CoA levels, but the downstream effects of increased malonyl-CoA levels were drastically different. In muscle cells, increased malonylCoA levels inhibited fatty acid oxidation. In MCF7 cells, however, the rise in malonyl-CoA levels failed to inhibit fatty acid oxidation, but enhanced fatty acid synthesis. Responding to the increase in acetyl-CoA and malonyl-CoA levels, fatty acid synthesis increased by 20% following MCD inhibition. However, unlike muscle cells, fatty acid oxidation was not reduced by MCD siRNA in MCF7 cells (data not shown). Thus, cancer cells do not have the same stringent regulation between malonyl-CoA levels and fatty acid oxidation regulation. The muscle isoform of CPT-1 with its low K i for malonyl-CoA affords tight regulation of fatty acid oxidation, whereas the liver form of CPT-1 has a 100-fold higher K i for malonyl-CoA. As MCF7 cells express both ACC isoforms, this could account for the increased fatty acid synthesis without reduced fatty acid oxidation in MCF7 cells (Witters et al., 1994b) .
As the increase in malonyl-CoA levels paralleled cytotoxicity in MCF7 cells, it suggested that the increased malonyl-CoA levels participate in the mechanism of action of both MCD and FAS inhibition. This hypothesis leads to a number of possible mechanisms of action which may not be mutually exclusive including: (1) reduced fatty acid oxidation from malonyl-CoA inhibition of CPT-1 (perhaps depending upon CPT-1 isoform expression), (2) increased fatty acid synthesis from increased malonyl-CoA levels depleting ATP and NADPH, and (3) malonyl-CoA inhibition of succinylCoA dehydrogenase (complex II of the electron transport chain) promoting apoptosis (Albayrak et al., 2003) .
In cancer cells, elevated malonyl-CoA levels failed to inhibit fatty acid oxidation, thus this mode of action is less likely to contribute to the mechanism of action. However, MCD inhibition, through increasing malonylCoA and acetyl-CoA levels directly, modestly increased fatty acid synthesis. As FAS inhibition is cytotoxic to cancer cells, increasing fatty acid synthesis might be seen as advantageous to cancer cell growth. However, MCD increased fatty acid synthesis through bypassing the physiological pace-setting enzyme for fatty acid synthesis, ACC. ACC is the step which rapidly regulates fatty acid synthesis through the following mechanisms: (1) cytoplasmic citrate, the source of carbon for fatty acid synthesis, is a feed-forward allosteric activator of ACC, (2) AMPK phosphorylates and inhibits ACC during energy depletion and (3) long-chain acyl-CoA's provide pathway end-product inhibition of ACC. Thus, any effect of MCD inhibition on fatty acid synthesis occurs independently of the complex feed-forward and endproduct inhibition of ACC, which is based on the cellular energy status (McGarry and Brown, 1997) . A rapid, dysregulated increase in fatty acid synthesis likely constitutes a significant cellular stress. Fatty acid synthesis is an energy intensive anabolic pathway consuming 7 ATP and 14 NADPH per molecule of fatty acid synthesized (Wakil, 1989) . Thus, accelerated fatty acid synthesis could potentially usurp energy as ATP from other anabolic pathways and reduce NADPH availability for reductive synthesis of macromolecules, such as DNA and RNA, contributing ultimately to cell injury or death.
As there was a modest increase in fatty acid synthesis following MCD inhibition, which can contribute to metabolic instability, increased malonyl-CoA levels can also directly dysregulate energy metabolism through disruption of Kreb cycle and electron transport activity. Clinical and biochemical studies of MCD deficiency, a rare inborn error of metabolism, provide another potential mechanism of action of MCD inhibition based on the pathological accumulation of malonylCoA (FitzPatrick et al., 1999; Sacksteder et al., 1999) . Patients harboring an inactivating mutation of MCD exhibit elevated cellular levels of malonyl-CoA MCD inhibition and cancer cell cytotoxicity W Zhou et al
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( FitzPatrick et al., 1999) , resulting in high serum and urine levels of malonate, derived from the hydrolysis of malonyl-CoA to free malonate (Riley et al., 1991) . Malonate is a dicarboxylic acid that is a potent inhibitor of succinyl-CoA dehydrogenase, a key component of complex II of the electron transport chain and Kreb's cycle (Koeppen and Riley, 1987) . In addition to its function as a member of the electron transport chain, a component of complex II, CybL, has been identified as a sensor for apoptosis induction for a wide variety of commonly used chemotherapeutic agents, such as doxorubicin, paclitaxel, etoposide, menadione and cisplatin (Albayrak et al., 2003) . Thus, the rapid increase in malonyl-CoA after MCD inhibition could be sensed by complex II as a proapoptotic signal by the cancer cell. Preliminary studies from our laboratory have shown a transient reduction in succinyl-CoA dehydrogenase activity following pharmacological FAS inhibition in MCF7 cells (data not shown) supporting the hypothesis that elevated malonyl-CoA levels in human cancer cells may reduce complex II activity. Although the complete loss of MCD activity through inactivating mutations is not compatible with life (FitzPatrick et al., 1999) , pharmacological modulation of MCD activity in vivo has successfully augmented cardiac function during ischemia without evidence of overt toxicity (Dyck et al., 2004) . These in vivo studies provide evidence that pharmacological MCD inhibition does not induce generalized toxicity, but can be modulated to provide a therapeutic index for treatment. As interest in cancer metabolism grows, the exploration continues to yield potential new targets and strategies for cancer therapy (Deberardinis et al., 2008) . As an outgrowth of investigating the mechanism of action of FAS inhibition in cancer, MCD has emerged as another potential target for cancer therapy, particularly in combination with FAS inhibitors, providing another inroad into the metabolic therapy of human cancer.
Materials and methods
Cell lines, antibodies and chemicals MCF7 human breast cancer cells and MRC-5 human fibroblasts were obtained from the American Type Culture Collection (Manassas, VA, USA) and cultured in Dulbecco's modified Eagle's medium with 10% fetal bovine serum. Rabbit polyclonal anti-MCD antibodies were obtained as a gift from Dr Steven Gould, Department of Biological Chemistry, Johns Hopkins University School of Medicine. Cerulenin and bromopyruvic acid were purchased from Sigma (St Louis, MO, USA). The small-molecule MCD inhibitor, MPA, was synthesized as described at FASgen Inc. (Baltimore, MD, USA).
MCD siRNA preparation and transfection
To construct an siRNA for MCD, we designed a series of siRNA's with 3 0 overhang uridine dimers (dUdU) spanning the sequence of human MCD using the Ambion's Silencer siRNA Construction Kit (Ambion, Austin, TX, USA) (Sacksteder et al., 1999) . Based on quantitative real-time (RT)-PCR for MCD expression following transfection, we chose the sequence GGUGUUACUUCUUUUCUCAUU (located 683 nucleotides downstream of the first nucleotide of the start codon of human MCD). Transfections of MCF-7 and MRC-5 cells with the MCD or control siRNA were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) as recommended. Transfection efficiency was assessed under fluorescence microscopy with Cy3 labeled siRNA using the Ambion's Silencer siRNA Labeling Kit. The transfection efficiency was >80%.
Real-time reverse transcription-PCR To quantify MCD message following siRNA treatment, realtime quantitative reverse transcription-PCRwas performed following RNA preparation and reverse transcription as described (Tu et al., 2005) . Briefly, the sequences of the sense and antisense primers used for amplification were as follows: MCD, 5 0 -ATTCCATCAGCTTGACCCAG-3 0 (sense) and QJ;5 0 -GGAGCTTGAGGGTCTCGTTA-3 0 (antisense); b-actin, 5
0 -GGCGGCACCACCATGTACCCT-3 0 (sense) and 5 0 -AGGGGCCGGACTCGTCATACT-3 0 (antisense). The bactin gene was used as internal control in the real-time reverse transcription-PCR to normalize the results. Cycling conditions included an initial denaturation step at 95 1C for 3 min, followed by 40 cycles of 95 1C denaturation for 30 s, 60 1C annealing for 30 s and 72 1C extension for 30 s. Amplification and detection were performed on an iCycler iQ Real-time PCR Detection System (Bio-Rad Laboratories, Hercules, CA, USA). A negative control reaction in the absence of template was also performed for each primer pair. After completion of the cycling process, samples were subjected to a melting curve analysis to confirm the amplification specificity. For each sample, the ratio between the relative amounts of target gene (MCD) and internal control (b-actin) was calculated to compensate for variations in quantity or quality of starting mRNA as well as for differences in reverse transcriptase efficiency. The change in fluorescence of SYBR Green dye in every cycle was monitored, and the threshold cycle (C T ) above background for each reaction was calculated. The fold change in MCD relative to the b-actin internal control gene was determined by: Fold change ¼ 2 ÀD(DC T ) , where DC T ¼ C T, MCD ÀC T, b-actin and D(DC T ) ¼ DC T, treated ÀDC T, control .
MCD activity assay, coenzyme-A and coenzyme-A derivative measurements and immunoblots Malonyl-CoA decarboxylase activity was assayed in 5 Â 10 5 MCF7 cells by trapping 14 CO 2 from the decarboxylation of [1, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C]malonyl-CoA as described . The MCD inhibitor, bromopyruvic acid (Sigma), 1 mM, was used as a positive control. CoA derivatives and free CoA were measured using a modified high-pressure liquid chromatography procedure (Demoz et al., 1995) . After transfection at times indicated or drug treatment for 6 h, 4 Â 10 4 MCF7 cells were homogenized in 120 ml of ice-cold 5% sulfosalicylic acid in 50 mM dithioerythritol and centrifuged at 600 g for 10 min. The supernatants were injected onto LC-18 reversed-phase column (Supelco, Bellefonte, PA, USA) and eluted with the following buffers and gradients while monitoring 254 nm: Buffer A 100 mM sodium phosphate and 75 mM sodium acetate, pH 4.6; Buffer B 70% buffer A in methanol; 0 min, 90% A; 10 min, 60% A; 17.6 min, 10% A at 1.5 ml/min. Immunoblots for MCD were prepared using rabbit anti-MCD antibodies as described (Sacksteder et al., 1999) .
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